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线技术嵌入到美国 Soft Servo System 公司的 ServoWorks CNC 纯软件开放式数控
系统中，充分融合这两种技术的优点，获得了一种开放式总线数控系统 ADX 
CNC，并针对通用多轴数控设备开发出完整的数控系统应用方案。 
论文首先对 ServoWorks CNC 纯软件开放式数控系统技术进行了介绍，具体
分析了基于 Windows 纯软件开放式数控系统的体系结构及实现机理。其次介绍
EtherCAT 技术，主要分析了 EtherCAT 网络的运行机理，对 EtherCAT 通信介质
及其协议进行详细的说明，也对 EtherCAT 从站设计实现进行了阐述。此外，根




























With the development and promotion of computer technology,industrial Ethernet 
technology, CNC technology has moved from the traditional closed-end CNC system 
to open architecture CNC system based on industrial Ethernet digital technology. Its 
high-speed transmission, high reliability and openness are becoming into the 
mainsteam of the development of CNC technology. 
EtherCAT is an open real-time, high reliability, flexible topology Industrial Ethernet 
bus with the rapid and synchronous performance. The PC-based pure soft CNC 
abandon the CNC dedicated hardwares and utilize the powerful computing power of 
the computer's CPU to complete real-time tasks in a dedicated real-time extension 
system, which is and wide open. This project embedd EtherCAT technology into the 
pure soft open ServoWorks CNC from Soft the Servo System, fuse the advantages of 
both technologies and get an open bus CNC systemnamed ADX CNC. Also a 
complete CNC application solution is developed for general-purpose multi-axis CNC 
equipment. 
Firstly, introduce the prue soft open ServoWork CNC technology including the 
system architecture and implementation mechanism based on the Windows. Secondly 
introduce EtherCAT technology including the operation mechanism, communication 
media, protocols and EtherCAT slave design. Thirdly, analyse the main features of 
EtherCAT master with CNC function, communication mechanism and network on 
RTX real time subsystem which is embedded in Windows to meet with the real time 
request.Finally, develop and design application solution based on ADX CNC for the 
wide multi-axis general CNC equipment market including digital bus servo solution 
and common pulse servo solution. Meanwhile, detail the hardware and software’s 
composition of solution and specify the application on a vertical machining center 
with digital bus servo solution,which achieve high-speed and high-precision control. 
 

















第一章  绪论 .......................................................................................... 1 
1.1 数控系统与数控机床 ......................................... 1 
1.2 开放式数控系统技术 ......................................... 2 
1.3 工业以太网总线技术 ......................................... 4 
1.4 课题概述 ................................................... 6 
1.4.1 选题背景 ................................................................................................. 6 
1.4.2 本文主要研究工作 .................................................................................. 8 
第二章 ServoWorks CNC 纯软件开放式数控系统技术研究 ......... 10 
2.1 概述...................................................... 10 
2.2 ServoWorks 技术的硬件和操作系统平台 ........................ 11 
2.2.1 ServoWorks 技术的硬件平台 .................................................................11 
2.2.2 ServoWorks 技术的操作系统平台 ........................................................ 12 
2.2.3 IntervalZero RTX 实时扩展子系统 ....................................................... 13 
2.3 ServoWorks CNC 软件架构 .................................... 14 
2.3.1 ServoWorks CNC 软件架构概述 ........................................................... 14 
2.3.2 ServoWorks 引擎内核 ........................................................................... 15 
2.3.2.1 ServoWorks 运动引擎 ................................... 15 
2.3.2.2 ServoWorks G 代码解释器 ............................... 16 
2.3.2.3 ServoWorks PLC 引擎 ................................... 16 
2.3.3 ServoWorks 实时 DLL .......................................................................... 17 
2.3.4 ServoWorks Develop Kit 二次开发包 ................................................... 17 
2.4 ServoWorks CNC 通讯硬件平台 ................................ 18 
2.4.1 ServoWorks CNC 硬件技术概述 ........................................................... 18 
2.4.2 VersioBus 光纤数字网络 ....................................................................... 18 
2.4.3 EtherCAT 通讯平台............................................................................... 20 
2.4.4 专用通讯平台 ....................................................................................... 21 
2.5 本章小结 .................................................. 22 
第三章 EtherCAT 工业以太网技术研究 ......................................... 23 
3.1 概述...................................................... 23 
3.2 EtherCAT 的组成及工作原理 .................................. 23 
3.3 EtherCAT 拓扑结构 ......................................... 25 
3.4 EtherCAT 物理层 ........................................... 25 
3.5 EtherCAT 数据链路层 ....................................... 26 
3.5.1 数据帧格式及寻址方式 ........................................................................ 26 
3.5.2 FMMU 总线内存管理单元 ................................................................... 28 
3.5.3 SM 同步管理器 ..................................................................................... 28 













厦门大学硕士论文                                                                        目录 
IV 
 
3.6 EtherCAT 应用层 ........................................... 32 
3.7 EtherCAT 从站实现 ......................................... 33 
3.8 本章小结 .................................................. 35 
第四章 基于 EtherCAT 网络开放式数控系统的研究 ..................... 36 
4.1 ADX CNC 的 EtherCAT 主站功能 ................................ 36 
4.2 ADX CNC 的 EtherCAT 主站实现 ................................ 37 
4.2.1 RTX 实时 TCP/IP 协议概述.................................................................. 37 
4.2.2 RTX 实时 TCP/IP 协议栈与驱动配置 .................................................. 38 
4.2.2.1 TCP/IP ............................................... 39 
4.2.2.2 rtndn ................................................ 39 
4.2.2.3 DNS .................................................. 42 
4.2.3 ADX CNC 中 EtherCAT 网络的实时 TCP/IP 协议实现 ....................... 42 
4.3 ADX CNC 的 EtherCAT 网络通信 ................................ 44 
4.3.1 ADX CNC 主站配置 ............................................................................. 45 
4.3.2 ADX CNC 从站描述文件 ..................................................................... 45 
4.3.3 ADX CNC 主站状态机的转换及其操作 .............................................. 47 
4.3.4 ADX CNC 中的 EtherCAT 数据帧........................................................ 48 
4.4 ADX CNC 正常运行 .......................................... 49 
4.5 本章小结 .................................................. 51 
第五章 ADX CNC 应用方案开发与实例 ......................................... 53 
5.1 硬件...................................................... 53 
5.1.1 工控机平台 ........................................................................................... 53 
5.1.2 数控系统操作面板 ................................................................................ 55 
5.1.3 数控系统接口模块 ................................................................................ 57 
5.1.3.1 IX-320 数字量输入输出模块 ............................. 57 
5.1.3.2 DX-110A 数控系统接口模块 .............................. 59 
5.1.3.3 DX-150P 四轴通用伺服脉冲接口模块 ...................... 59 
5.2 软件...................................................... 60 
5.2.1 Windows XPE 嵌入式系统裁剪 ............................................................ 60 
5.2.1.1 XPE 嵌入式操作系统 .................................... 60 
5.2.1.2 XPE 开发工具 .......................................... 61 
5.2.1.3 XPE 开发流程 .......................................... 61 
5.2.2 数控系统人机交互界面开发 ................................................................ 62 
5.2.2.1 HMI 界面组成 .......................................... 63 
5.2.2.2 HMI 框架设计 .......................................... 63 
5.2.2.3 HMI 开发工具 .......................................... 64 
5.3 应用方案 .................................................. 65 
5.3.1 全数字总线伺服方案 ............................................................................ 65 
5.3.2 通用脉冲伺服方案 ................................................................................ 66 
5.4 应用实例 .................................................. 67 
5.4.1 三轴立式加工中心概述 ........................................................................ 67 













厦门大学硕士论文                                                                        目录 
V 
 
5.4.2.1 系统选型 ............................................. 68 
5.4.2.2 整机调试 ............................................. 69 
5.4.2.3 实验结果 ............................................. 70 
5.5 本章小结 .................................................. 72 
第六章 总结与展望 ........................................................................... 73 
6.1 总结...................................................... 73 
6.2 展望...................................................... 74 
参考文献 ............................................................................................... 75 
攻读硕士学位期间发表的论文及专利 ................................................ 78 
致 谢 ..................................................................................................... 79 















厦门大学硕士论文                                                              Table of Contents 
VI 
 
Table of Contents  
 Chapter 1  Introduction ..................................................................... 1 
1.1 CNC System and Machine Tools ........................................................ 1 
1.2 Open CNC System Technology .......................................................... 2 
1.3 Industrial Ethernet Bus Technology .................................................. 4 
1.4 Conspectus of the Research .............................................................. 6 
1.4.1 Background of the Research ..................................................................... 6 
1.4.2 Main Research of this Article ................................................................... 8 
Chapter 2 Research on Pure-Soft Open ServoWorks CNC ............... 10 
2.1 Overview of ServoWorks CNC ......................................................... 10 
2.2 Hardware and Operating System Platform of ServoWorks CNC ... 11 
2.2.1 Hardware Platform for ServoWorks CNC ................................................11 
2.2.2 Operating System Platform for ServoWorks CNC .................................. 12 
2.2.3 IntervalZero RTX RealTime Subsystem ................................................. 13 
2.3 Software Architecture of ServoWorks CNC .................................... 14 
2.3.1 Overview of Software Architecture ........................................................ 14 
2.3.2 ServoWorks CNC Engines ..................................................................... 15 
2.3.2.1 ServoWorks Motion Engine ........................................................... 15 
2.3.2.2 ServoWorks G Code Parser ........................................................... 16 
2.3.2.3 ServoWorks PLC Engine ............................................................... 16 
2.3.3 ServoWorks RealTime DLL ................................................................... 17 
2.3.4 ServoWorks Develop Kit ........................................................................ 17 
2.4 Communications Hardware Platforms of ServoWorks CNC .... 18 
2.4.1 Overview of Hardware Technology .................................................... 18 
2.4.2 VersioBus Interface System ............................................................... 18 
2.4.3 EtherCAT Communications Platforms ............................................... 20 
2.4.4 Special Communications Platforms ................................................... 21 
2.5 Summary ................................................. 22 
Chapter 3 Research on EtherCAT Industrial Ethernet Technology . 23 
3.1 Overview ............................................................................................ 23 
3.2 Component and Working Priof EtherCAT ....................................... 23 
3.3 Topology Structure of EtherCAT ...................................................... 25 
3.4 Physical Layer of EtherCAT.............................................................. 25 
3.5 Data Link Layer of EtherCAT ............................................................ 26 
3.5.1 Data Frame Format and Addressing Mode .............................................. 26 
3.5.2 FMMU ................................................................................................... 28 
3.5.3 SM ......................................................................................................... 28 
3.5.4 DC ......................................................................................................... 30 













厦门大学硕士论文                                                              Table of Contents 
VII 
 
3.7 EtherCAT Slave Station ..................................................................... 33 
3.8 Summary ............................................................................................ 35 
Chapter4  Research on Open CNC System Based on EtherCAT.....36 
4.1 EtherCAT Master Function of ADX CNC .......................................... 36 
4.2 EtherCAT Master Realization of ADX CNC .................... 37 
4.2.1 Protocol of RTX Real-time TCP/IP ........................................................ 37 
4.2.2 Protocol Stack and Driver Setting of RTX Real-time TCP/IP  ................ 38 
4.2.2.1 TCP/IP .......................................................................................... 39 
4.2.2.2 rtndn .............................................................................................. 39 
4.2.2.3 DNS .............................................................................................. 42 
4.2.3 Real-time EtherCAT TCP/IP Protocol Realization in ADX CNC ............ 42 
4.3 EtherCAT Network Communication on ADX CNC ............. 44 
4.3.1 Host Configuration of ADX CNC........................................................... 45 
4.3.2 Slave Profile of ADX CNC .................................................................... 45 
4.3.3 ESM Changing and Operation of ADX CNC .......................................... 47 
4.3.4 EtherCAT Data Frame of ADX CNC ...................................................... 48 
4.4 ADX CNC Running ............................................................................ 49 
4.5 Summary ............................................................................................ 51 
Chapter 5 Application Solution and Sample of ADX CNC ............... 53 
5.1 Hardware ................................................. 53 
5.1.1 IPC Platform .......................................................................................... 53 
5.1.2 Operation Panel for ADX CNC .............................................................. 55 
5.1.3 Interfaces Modules for ADX CNC ......................................................... 57 
5.1.3.1 IX-320 Digital Input and Output Module ....................................... 57 
5.1.3.2 DX-110A CNC Multifunction Module ........................................... 59 
5.1.3.3 DX-150P Four Axises Common Pulse Servo Module .................... 59 
5.2 Software ................................................. 60 
5.2.1 Windows XP Embeded System Cutting .................................................. 60 
5.2.1.1 XPE Embeded System ................................................................... 60 
5.2.1.2 XPE Development Tool ................................................................. 61 
5.2.1.3 XPE Development Process ............................................................ 61 
5.2.2 Development of HMI for ADX CNC ...................................................... 62 
5.2.2.1 HMI Compose ............................................................................... 63 
5.2.2.2 HMI Frame Design ........................................................................ 63 
5.2.2.3 HMI Development Tool ................................................................. 64 
5.3 Application Solution ....................................... 65 
5.3.1 Digital Bus Servo Solution  ................................................................... 65 
5.3.2 Common Pulse Servo Solution ............................................................... 66 
5.4 Application Sample........................................ 67 
5.4.1 Overview of Three Axises Vertical Machining Center ............................ 67 
5.4.2 Application of Digital Bus Servo Solution .............................................. 68 













厦门大学硕士论文                                                              Table of Contents 
VIII 
 
5.4.2.2 Machine Commissioning ............................................................... 69 
5.4.2.3 Test and Conclusion ...................................................................... 70 
5.5 Summary ................................................. 72 
Chapter 6  Conclusions and Prospects .............................................. 73 
6.1 Conclusions ....................................................................................... 73 
6.2 Prospects ........................................................................................... 74 
References............................................................................................. 75 
Pubilcations .......................................................................................... 78 
Acknowledgement ................................................................................ 79 
































第 1 代：1952 年的电子管 
第 2 代：1959 年晶体管分离元件 
第 3 代：1965 年的小规模集成电路 
二、软件数控(CNC) 
第 4 代：1970 年的小型计算机 
第 5 代：1974 年的微处理器 
第 6 代：1990 年基于 PC 机（PC-BASED） 
数控机床是数字控制机床的简称，是一种装有程序控制系统的自动化机床。














































































一代控制器计划 NGC 和开放式模块化体系结构控制器 OMAC，欧共体的信息技
术研究发展战略计划 ESPRIT 以及开放式控制系统体系结构 OSACA，日本的控
制器开放系统环境计划 OSEC 等[7]。除此之外，国内的华中数控等也在这方面做
了很多有益的探索。 






















的 Open CNC、德国 Power Automation 公司的 PA80000NT、德国 BECKHOFF 公






















的。目前，以 EtherCAT，SERCOS 和 PROFINET 等为代表的高性能工业以太网
已在工业领域得到广泛的应用，它们是实现数字化和网络化制造的关键技术。 

















表 1-1 工业以太网和商业以太网的比较 
 工业以太网设备 商用以太网设备 




工作电压 24V DC 220V AC 
电源冗余 双电源 一般没有 
安装方式 DIN 导轨和其他固定安装 桌面、机架等 
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